Ad2+ND,, a nondefective adenovirus 2 (Ad2)-simian virus 40 (SV40) hybrid virus, has been previously shown to contain a small segment of the SV40 genome covalently linked to Ad2 deoxyribonucleic acid (DNA). The SV40 portion of this hybrid virus has been characterized by relating the SV40-specific ribonucleic acid (RNA) sequences transcribed from the Ad2+NDj DNA to those transcribed from the DNA of SV40 itself. RNA-DNA hybridization-competition studies indicate that the SV40 component of Ad2+NDj consists of some, but not all, of that part of the SV40 genome which is transcribed early, i.e., prior to viral DNA replication, in SV40 lytic infection.
the SV40 genome which is transcribed early, i.e., prior to viral DNA replication, in SV40 lytic infection.
The oncogenic capacity of simian virus 40 (SV40) appears to be closely associated with the activity of one or more of its genes, although the mechanisms involved are presently unknown (1, 14, 16) . Identification of the functions of the SV40 genes associated with oncogenicity should contribute to an understanding of this biological phenomenon. Since the SV40 genome is small (3, 12) , containing enough information for only 5 to 8 proteins of average size (150 to 200 amino acids each), an analysis of the viral genome is feasible. In an attempt to characterize individual SV40 genes, we have begun to utilize nondefective adenovirus-SV40 (Ad-SV40) hybrid viruses (23, 24) as a source of well-defined segments of the SV40 genome.
Investigations of several Ad-SV40 hybrid viruses have demonstrated that each population contains hybrid virions composed of covalently linked Ad and SV40 deoxyribonucleic acid (DNA) within Ad capsids (4, 21, 30, 33, 36) . The first such hybrid viruses described were defective; replication of the hybrid virions required simultaneous infection with nonhybrid (helper) Ad (7, 35) . In contrast to these defective hybrid viruses, the recently isolated nondefective Ad2-SV40 hybrid virus, Ad2+ND1, replicates efficiently without the aid of nonhybrid Ad. This nondefective hybrid virus grows to high titer [108 to 109 plaque-forming units (PFU) /ml] and forms plaques with one-hit kinetics in both human embryonic kidney and primary African green monkey kidney cells (23) . Although failing to induce SV40 T antigen, the Ad2+ND, virus induces an additional SV40 antigen, the U antigen (23, 24) . The SV40 U antigen, like the T antigen, appears early during the replicative cycle of SV40 (prior to synthesis of viral DNA) and is synthesized in the presence of inhibitors of DNA synthesis (24) . However, U antigen is heat stable whereas T antigen is not (24) . The genome of the Ad2+ND, virus is a recombinant molecule with a molecular weight of 22 X 106 to 25 X 106 daltons (13, 21) . It is composed of approximately 99%N Ad2 DNA and 1% (220,000 to 250,000 daltons) SV40 DNA (21) . Thus Ad2+ND, is equivalent to a deletion mutant of SV40 which contains only enough SV40 DNA to code for one or two proteins. However, in contrast to the deletion mutants of SV40 itself (41) which cannot replicate without helper SV40 virions, Ad2+NDj virions can be propagated and plaque-purified in the ab-215 sence of helper viruses. Therefore, genetically homogeneous stocks of this hybrid virus may be obtained, and the techniques of nucleic acid hybridization and hybridization-competition may be utilized to characterize its SV40 genetic information.
This report describes the relationship of the SV40-specific ribonucleic acid (RNA) sequences transcribed from the Ad2+ND, DNA to those transcribed from the DNA of SV40 itself.
MATERIALS AND METHODS
Tissue culture. The BSC-1 (18) and Vero (40) lines of African green monkey kidney (AGMK) cells were grown in Eagles' minimal essential medium supplemented with penicillin (250 units/ml), streptomycin (250 ,ug/ml), and 2 mm glutamine (EMEM) plus 10% fetal bovine serum (FBS). Roller bottle cultures were refed biweekly until confluent monolayers were formed, at which time the medium was replaced with EMEM plus 2% FBS. Primary AGMK and human embryonic kidney (HEK) cells were grown in EMEM plus 10% FBS and maintained in EMEM plus 2% agammaglobulinic calf serum (AGCS).
Viruses. A pool of SV40 strain 777 (6) was produced in BSC-1 cells infected at low multiplicity (approximately 105 PFU/cell) (5) . The infected cultures were refed biweekly. When all cells exhibited cytopathic effect (CPE), the combined cells and supernatant fluids were harvested, frozen and thawed three times, clarified by centrifugation at 1,000 X g for 30 min, and stored in portions at -70 C. This SV40 seed pool (109 3 PFU/ml) served as the inoculum for the preparation of all SV40 stocks used to obtain SV40 DNA and to produce SV40-specific RNA. Like the seed pool, these virus stocks (1087 to 109-3 PFU/ml) were produced in BSC-1 cells utilizing low multiplicity infection. Ad2+NDj virus (23) Labeled and unlabeled SV40 were purified by a modification of the technique of Burnett et al. (9) . The crude SV40 harvest was centrifuged for 16 hr (Spinco 21 rotor; 40,000 X g), and the pellet was frozen and thawed three times and resuspended in 25 ml of the supernatant fluid. Sodium deoxycholate was added to a final concentration of 1 %, and the mixture was stirred for 30 min at 37 C. The virus suspension was then centrifuged for 20 min at 20,000 X g in a Sorvall centrifuge (RC2-B; SS-34 rotor), and the resulting supernatant fluid and pellet, both of which contained large amounts of virus, were separately processed.
The supernatant fluid was stirred for 30 min at 37 C with 50,u.g of deoxyribonuclease (DPFF, Worthington Biochemical Corp.) per ml, 50 lg of pancreatic ribonuclease (XII-A, Sigma Chemical Co.) per ml, and 0.01 M magnesium acetate. Crotalus adamanteus venom (25 ,g per ml; K&K Laboratories) was then added, and stirring was continued for an additional 15 min. Alpha-chymotrypsin (25 jug per ml; CDS, Worthington Biochemical Corp.) and subtilisin (25 ,ug per ml; Nagarse, Enzyme Development Corp.) were then added, and stirring was continued for a final 10 min at 37 C. This processed supernatant fluid was then diluted to 40 ml with EMEM and immediately centrifuged into a 15-ml cushion of saturated KBr (Spinco SW 25.2 rotor; 75,000 X g) for 2.5 hr at 4 C.
The pellet was homogenized in 15 ml of 0.01 M tris(hydroxymethyl)aminomethane (Tris), pH 7.5, with a Ten Broeck homogenizer. The suspension was then digested with enzymes as described for the supernatant fluid, but utilizing twice the concentration of each enzyme. The enzyme-treated material was clarified by centrifugation (Sorvall SS-34 rotor; 20,000 X g) for 20 min, diluted to 40 ml with EMEM, and centrifuged into a KBr cushion as described above.
Both the processed supernatant fluid and the supernatant fluid from the processed pellet yielded dense opalescent bands of SV40 approximately onethird of the way into the cushion. These bands were removed, combined, dialyzed against three changes of 0.01 M Tris-0.001 M ethylenediaminetetraacetic acid (EDTA), pH 7.5 at 4 C, diluted to 40 MCi/ml). These procedures were performed at 37 C, and all media were prewarmed to 37 C. After 4 hr, the cultures were drained and washed, and the cells were harvested by trypsinization (20) . The The hybridized 'H-RNA was then eluted (0.1 X SSC, 90 C, 15 min) with approximately 85% efficiency (less than 5% of the DNA was eluted) and rehybridized with both SV40 DNA and monkey (BSC-1) cell DNA filters (1 ug).
Forty-seven per cent of the eluted 8H-RNA rehybridized with SV40 DNA, whereas only 1.7% was bound to the filters containing BSC-1 DNA. Thus, in spite of the fact that most of the 3H-RNA in preparations of early SV40 'H-RNA is host (monkey) cell RNA, nearly all of the 3H-RNA bound to the SV40 DNA filters during the initial hybridization reaction was complementary to SV40, rather than to monkey cell DNA.
The results of these three types of experiments indicate that the SV40 DNA used was free of detectable host cell sequences. The physical properties of this SV40 DNA have already been described (13) .
Efficacy of CA. Under the conditions employed in these experiments, 10 Mug of CA per ml inhibited SV40 DNA synthesis by more than 99% and prevented the formation of SV40 V antigen (Table 1 ). SV40 T-antigen formation was not inhibited. In addition, samples of the cells harvested for each preparation of early SV40 RNA were tested for V antigen. In no case did they contain detectable SV40 V antigen.
Acute infectious cycle of SV40 in Vero cells. The time course of SV40 infection was studied in Vero cells in the presence or absence of an inhibitor of DNA synthesis, CA. SV40 T antigen and SV40-specific RNA were detected as early as 6 hr postinfection, both in the presence and in the absence of CA, and reached maximal levels between 24 and 30 hr (Fig. 1) . In contrast, CA effectively prevented the synthesis of SV40 DNA and V antigen, both of which were detectable at 12 hr postinfection in untreated cultures. These observations indicate that inhibitors of DNA replication are required to obtain appreciable quantities of early SV40 RNA free of late SV40 RNA contamination. We have also observed the appearance of SV40 V antigen in BSC-1 and primary AGMK cells (Fig. 2) at 12 hr postinfection, indicating that inhibitors of DNA replication are needed for the preparation of early SV40 RNA in these cells as well. The time course of T-antigen synthesis was not altered by the presence of CA (Fig. 1) . The SV40-specific RNA measured at the plateau in CA-treated Vero cells (early SV40 RNA) represented approximately 2% of the amount of SV40-specific RNA synthesized in the absence of CA.
Characterization of early and late SV40 RNA by hybridization-competition. As shown in Fig.  3A , unlabeled late SV40 RNA competed efficiently (more than 90%) with late SV40 'H-RNA. Similarly, unlabeled early SV40 RNA was an effective competitor of early SV40 'H-RNA (Fig.  3B) . Unlabeled late SV40 RNA also competed with more than 95% of the early 'H-RNA when 1,050 jig of unlabeled competitor RNA was employed (experiment not shown). However, the converse was not true since unlabeled early SV40 RNA competed with only 35%T of the late SV40 'H-RNA (Fig. 3A) . These findings are in agreement with those previously published (2, 26, 27, 37 RNA (Fig. 4B, C) . A comparison of the slopes of the competition curves obtained with early and late SV40 RNA species (Fig. 4B, C) suggests that the SV40-specific sequences in Ad2+ND1 3H-RNA are present in much higher concentrations in the late SV40 RNA competitor than in the early SV40 RNA competitor. This is not unexpected since the concentration of early sequences in late SV40 RNA preparations is usually 10-to 30-fold higher than in early SV40 RNA preparations (2) .
To determine further the extent to which Ad2+ND, RNA shares nucleotide sequences with early and late SV40 3H-RNA, unlabeled Ad2+ND1
RNA was used as a competitor. Ad2+ND, RNA competed with 40% of the early SV40 3H-RNA; 150 ,/g produced maximum competition, and further addition of competitor Ad2+ND, RNA did not increase the extent of competition (Fig. 5) To compare further the SV40-specific nucleotide sequences in Ad2+ND1 with those of early SV40 (Fig. 4) under conditions requiring less total RNA in the hybridization-competition reactions, the purified hybrid virus DNA was employed as a template for the in vitro synthesis of radiolabeled complementary RNA (Ad2+ND, 0H-cRNA). When the DNA of SV40 itself was used as template in an identical polymerase reaction, the complementary RNA transcribed contained all of the SV40 nucleotide sequences present in SV40-infected cells (21) . Competition experiments performed with this Ad2+NDj 3H-cRNA and early SV40 RNA (Fig. 6B) confirmed the observation that early SV40 RNA contains most (if not all) of the SV40 nucleotide sequences present in Ad2+ND, RNA (cf. Fig. 4C ). However, Hybridization-competition of unlabeled Ad2+ND1 RNA, late SV40 RNA, and early SV40 RNA with Ad2+ND1 3H-RNA. Hybridization-competition experiments were performed with a saturating amount of 3H-RNA and SV40 DNA filters as described in the text. The "control 3H-RNA countsper minute bound (no competitor)" are the 3H-counts per minute bound to the SV40 DNA filter minus the counts per minute bound to an appropriate E.
coli DNA (blank) filter. The average of duplicate determinations is shown, and the counts per minute bound at other points in the competition curves are plotted as per cent of this "control" value. Nonspecific competition with 100 pg of unlabeled Vero cell RNA = 0%; with 1,000 pg = 10%; with 3,000 pg = 11%. This is not subtracted. The early and late SV40 RNA employed in these experiments had properties similar to those previously reported (2, 26, 27, 37) . Unlabeled late SV40 RNA competed efficiently with early as well as with late SV40 3H-RNA, indicating that the late RNA contained all of the SV40 nucleotide sequences present in early RNA. Although unlabeled early SV40 RNA competed efficiently with early SV40 3H-RNA, it competed with only 35% of late SV40 3H-RNA (Fig. 3A) . Thus, provided that all of the SV40 RNA molecules in late SV40 3H-RNA have similar specific activities, we may conclude that early SV40 RNA is transcribed from only one-third of the SV40 genome. Since prereplicative SV40 RNA comprises only 2% of the SV40 RNA synthesized after the onset of viral DNA replication (Fig. 1) (Fig. 4B, C) (Fig. 6) . Thus, the SV40 portion of this hybrid Ad2+ND, DNA molecule apparently originated from a portion of SV40 DNA which is transcribed prior to DNA replication in SV40 lytic infection. Furthermore, unlabeled Ad2+ND, RNA competed with only 40%-' of the early SV40 3H-RNA (Fig. 5) , suggesting that only one-third to one-half of the early SV40 genes are present in the AD2+ND, genome. Therefore, the SV40 portion of the Ad2+ND1 genome probably consists of one or two early SV40 genes.
These findings are in agreement with immunofluorescent studies which indicated that SV40 U antigen is synthesized early during the replication of SV40 (24) and with results obtained by the examination of the Ad2+ND, DNA itself, which indicated that the covalently linked hybrid DNA molecule contains 220,000 to 250,000 daltons of SV40 DNA (the equivalent of one or two average-size SV40 genes; references 13, 21) . This small amount of early SV40 genetic information in Ad2+ND1 appears to induce the synthesis of at least one SV40 antigen, the U antigen. Ad2+ND, thus contains significantly less SV40 genetic information than does a previously studied defective Ad7-SV40 hybrid virus, E46+, which contains a greater proportion (or all) of the early SV40 genes (27) and which induces the synthesis of SV40 T (19, 31, 34) as well as SV40 U antigen (24) .
Four additional nondefective Ad2-SV40 hybrid viruses currently under investigation contain the information for different, though overlapping, sets of SV40 biological functions (A. M. Lewis, Jr., et al., in preparation). They also induce the synthesis in infected cells of different, although overlapping, species of SV40 RNA (A. S. Levine et al., in preparation). Thus, the comparison of the SV40-specific RNA transcribed from the DNA of each of these hybrid viruses with early and late SV40 RNA, as well as with the SV40-specific RNA transcribed from the DNA of each of the others, should permit the assignment of specific SV40 biological functions to identifiable 
